Smoking is associated with an increased risk of respiratory tract infection in adults. In children, exposure to cigarette smoke is a risk factor for respiratory tract infection and bacterial meningitis. Active smoking and passive exposure to cigarette smoke is also associated with carriage of some potentially pathogenic species of bacteria in both adults and children. The aims of the study were to determine the effect of active smoking on: (1) bacterial binding to epithelial cells; (2) expression of host cell antigens that act as receptors for some species; and (3) the effects of passive exposure to water-soluble components of cigarette smoke on bacterial binding. Flow cytometry was used to assess binding to buccal epithelial cells of the following species labelled with fluorescein isothiocyanate:
Introduction
Smoking is associated with an increased risk of respiratory tract infection in adults [l] and also with carriage of some potentially pathogenic species of bacteria [24] . Young smokers had an approximately two-fold greater risk of developing infec- Microbiology 23 (1999) [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] and they were also symptomatic for a longer period l), the effect of smoking on expression of these anti-VI.
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gens has not been assessed. Although there is no association between meningococcal disease and active smoking, isolation of Neisseria meningitidis from the nasopharynx is significantly greater among smokers, and heavier smokers are more likely to be carriers of meningococci [3-51. Passive exposure to cigarette smoke is a risk factor for meningococcal infection in children [6, 7] . Passive exposure to cigarette smoke is associated with respiratory tract infections in children, and in many studies, the strongest association was with maternal smoking [8] . Greek schoolchildren from households in which the mother or other members of the family traditionally involved in child care smoked were more likely to be carriers of N. meningitidis than children from households in which no one smoked [9] .
The aims of this study were to use flow cytometry assays for bacterial binding to determine: (1) if there was enhanced binding to cells of smokers by bacteria in which the epidemiological studies found disease or carriage of the bacteria was associated with smoking or passive exposure to cigarette smoke; (2) if cells of non-smokers treated with a water-soluble cigarette smoke extract (CSE) showed enhanced bacterial binding; and (3) if cells of smokers expressed higher levels of antigens proposed to act as bacterial receptors.
+.
Materials and methods

I. Bacteria
Cigarette smoking remains the most common cause of chronic bronchitis, although recurrent childhood respiratory infections and air pollution pIay important roles in the pathogenesis of this disease [lo] . Bacteria commonly isolated from the sputum of patients with chronic bronchitis include non-typable Haemophilus injuenzae, Streptococcus pneumoniae, Staphylococcus aureus and Moraxella catarrhalis. These bacteria are found at both exacerbation and times of remission [l 11.
Gram-negative isolates
Several studies showed that smokers have increased bacterial adherence to epithelial cells [2, 12, 13] . H. inzuenzae (CCUG21594) and S. pneumoniae (CCUG10175) have been shown by interference contrast microscopy to attach more readily to pharyngeal cells from smokers with chronic bronchitis [14] . While a number of host cell antigens have been identified to act as receptors for bacteria (Table   Table 1 Bacterial species and host cell antigens which act as receptors* Strains of N. meningitidis were obtained from several sources: C:2b:P1.2 was provided by Dr. R.J. 
Culture media and conditions
Bacterial cultures were prepared by reconstituting lyophilised strains in distilled water and plating on appropriate media. N. meningitidis, N. Iactamica and MCI were grown on MNYC. The antibiotic-sensitive isolate (MC2) and H. influenzae were grown on boiled blood agar (B!BA). B. pertussis was grown on charcoal agar (Difco, UK). S. aureus was cultured on nutrient agar. Pn8eumococci were grown on Columbia blood agar with horse blood (BA).
Except for B. pertussis which required 3-5 days incubation, each strain was grown overnight at 37°C in a humidified atmosphere with 10% COz.
Preparation of strains for binding studies
The bacteria were labelled with fluorescein isothiocyanate (FITC) by the method described previously [17, 23] . Binding of the FITC-labelled strains to BEC was examined by the methods described previously and assessed by flow cytometry [16] . The bacterial suspensions were labelled with FITC (Sigma) freshly prepared as a 0.4% (w/v) solution in NaHzCOs (0.05 M) and NaCl (0.1 M) (pH 9.2). The washed bacterial pellet obtained from two culture plates was suspended in 2 ml of the FITC solution by gentle shaking and incubated at 37°C for 30 min. FITClabelled bacteria were washed three times in PBS and resuspended in PBS.
The bacterial concentrations were determined by measuring OD at 540 nm. For each strain, the linear relationship between OD reading and total count assessed microscopically with a Thoma counting chamber was determined, and a standard curve was prepared for each strain used.
Bacterial binding to buccal epithelial cells (BEC)
of smokers and inon-smokers BEC were obtained from donors in the Department of Medical Microbiology by rubbing the inside of the oral cavity with cotton swabs. To remove the cells, the swabs weae agitated in 10 ml PBS. They were washed twice in PBS in a Sorvall RT 6000 centrifuge at 300 X g for 10 min and the concentration adjusted to 2.5 X lo5 ml-' after determination of the number of cells microscopically in an improved Neubauer haemocytometer (Weber Scientific International, UK). With the exception of washing the cells to remove food particles and debris, no attempt was made to remove resident bacteria to maintain as closely as possible the conditions in the mouths of smokers and non-smokers.
Presence of the resident bacteria would not interfere with detection or differentiation of the test organisms from the normal flora as in microscopic methods for used for binding assays.
Dose-response experiments were carried out with cells of non-smokers to determine the optimal ratios of each bacterial strain. Attachment of the FITC-labelled bacteria to BEC was assessed with an EPICS XL flow cytometer (Coulter). A binding index (BI) for each sample in the study was calculated by multiplying the percentage of positive cells and the mean fluorescence of positive cells. It has been suggested that this reflects the numbers of bacteria attached to the whole population of cells and provides a more accurate estimate of adhesiveness [16, 17, 23] .
Preparation of CSE
A hand-operated vacuum pump was used to draw cigarette smoke through sterile PBS. The apparatus consisted of a 250-ml Duran bottle with two holes drilled in the cap. Through one of these holes was placed a length of sterilised tubing with a connection to a piece of larger bore tubing which held the cigarette. Another length of tubing was run from the other hole to the vacuum pump. The cigarette smoke was drawn through the medium by the change in pressure caused by extracting the air from the upper part of the bottle. The smoke from 10 cigarettes (Regal King Size) was infused into 100 ml of the PBS to provide a stock solution of 0.1 cigarette ml-l.
The medium was filter sterilised using a 0.2~ym Millipore syringe filter and frozen in aliquots at -20°C prior to use.
Treatment of BEC from non-smokers with CSE
BEC from non-smokers (200 ~1, 2.5 x lo5 ml-') were incubated with PBS or various dilutions of the CSE (500 /.~l) for 30 min at 37°C. The cells were washed twice with PBS by centrifugation at 3OOxg for 10 min, resuspended and used in the assays for bacterial binding (Section 2.4).
Detection of host cell surface antigens on BEC of smokers and non-smokers
The monoclonal antibodies used in these experiments and their sources are listed in Table 2 . Cells from smokers and non-smokers (200 ~1, 1 X lo6 ml-l)
were incubated for 60 min at 37°C with 200 ~1 of the following dilutions of antibodies to the host cell surface antigens: CD14 (l/2); CD18 (l/20); H type 2 (l/10); Lewis" (l/10); Lewisb (l/lO);and CD15 (l/10). The cells were washed twice with PBS and incubated for 30 min in an orbital shaker at 37°C with FITC-labelled secondary antibodies to detect binding of their respective primary antibody:
rabbit anti-mouse IgM (Sigma) diluted 1 in 100 in PBS; rabbit anti-mouse IgG (Sigma) diluted 1 in 200 in PBS; or rabbit anti-rat IgG (Serotec) diluted 1 in 100 in PBS.
For detection of fibrinogen and fibronectin, BEC from smokers and non-smokers were incubated with sheep polyclonal anti-human fibrinogen (Sigma) diluted 1 in 10 or sheep polyclonal anti-fibronectin (Sigma) diluted 1 in 10 for 60 min at 37°C. The cells were washed twice with PBS and incubated with donkey anti-sheep/goat IgG conjugated with FITC (SAPU) diluted 1 in 100 for 30 min in an orbital shaker at 37°C. The cells were washed twice with PBS by centrifugation, resuspended in 1% buffered paraformaldehyde and analysed with an EPICS-XL flow cytometer. Controls included cells incubated without either primary or secondary FITC-labelled antibodies and cells incubated only with the secondary antibody.
Fluorescence was analysed with an EPICS 'XL' flow cytometer (Coulter, UK), and the BI was calculated from the percentage of the 'positive' cells (fluorescence greater than the background of cells treated only with the FITC-labelled second antibody) multiplied by the mean fluorescence for the positive population.
Detection of host cell antigens on BEC of non-smokers treated with CSE
BEC (200 ~1, 2.5 X lo5 ml-') from non-smokers treated with PBS or CSE were added to Falcon tubes containing 200 pl of monoclonal antibodies to Lewis", Lewis". Lewisb, or H type 2 and the experiment carried out and analysed as described in Section 2.7.
Detection of H antigen by biotinylated Ulex europaeus lectin
Microtitre plates (96 wells) were coated with 100 ~1 of CSE (undiluted, l/10, l/20, l/40 and l/SO) diluted in coating buffer and incubated overnight at 4°C. The plates were washed with washing buffer prepared by adding bovine serum albumin (BSA) (Sigma) 0.1% (w/v) and to PBS (pH 7.2). The wells were blocked with blocking buffer containing 1% (w/v) BSA in 0.01 M PBS (pH 7.2) and incubated at room temperature for 20 min. The blocking buffer was removed and the plates washed with washing buffer. Biotinylated U1e.x lectin which detects H antigen was diluted to 5 pg ml-' in blocking buffer and 100 ~1 was added to the wells and incubated at 37°C for 30 min. The plates were washed six times with washing buffer. Streptavidin-horseradishh peroxidase (HRP) (Sigma) (100 ~1) diluted 1 in 100 in blocking buffer was added to the plates and incubated for 60 min at room temperature then washed six times in washing buffer. The substrate used to detect HRP contained 40 mg O-phenylenediamine in 100 ml of 0.1 M phosphate citrate buffer containing sodium hydrogen phosphate (0.1 M) and citric acid (0.1 M) (pH 5). The substrate was activated immediately before use by adding 40 ~1 Hz02 (30% v/v) and 100 l.~l was added to the wells. The colour change was stopped after 10 min by adding 100 ~1 of H~SOJ (12.5%). The optical density at 490 nm was determined by an ELISA reader (Dynatech) and corrected by subtracting the OD of the corresponding blank well containing CSE, streptavidin-HRP and substrate. Saliva from an individual of blood group 0 who secreted H type 1 and Lewis blood group antigens was used as positive control. 
Statistical analysis
The assessment of the data on bacterial binding to cells of smokers and non-smokers was based on paired &test applied to logarithms of the binding indices.
Results
I. Binding of bacteria to BEC of smokers and non-smokers
Dose-response experiments were carried out with BEC for each strain tested. For experiments in which binding of bacteria to cells from smokers and nonsmokers was assessed, a ratio of bacteria:cell at the midpoint of the dose--response curve for the nonsmoker was used.
For eight pairs of smokers and non-smokers, the binding indices for each isolate was significantly Table 3 Binding of Gram-negative species to BEC from smokers and non-smokers greater for cells from smokers compared with nonsmokers. Results for Gram-negative species are summarised in Table 3 and those for Gram-positive isolates in Table 4 .
Effects of CSE on bacterial attachment
BEC from non-smokers were treated with PBS (control) or undiluted CSE (test) and binding of FITC labelled bacteria to the test and control cells compared. The bacterial species tested in these assays were three strains of N. meningitidis (C:2b:P1.2, NG:2b:Pl.10 and B:2b:P1.10), one strain of N. luctumicu (LOl), one strain of H. infuenzae (type b) and the two isolates of M. catarrhalis (MC1 and MC2). With cells from three non-smoker donors, there was significantly decreased binding of each isolate to BEC treated with undiluted extract of smoke components compared to untreated BEC of the same non-smokers (Table 5) .
In three experiments, BEC from non-smokers were treated with different dilutions of the water-soluble components of cigarette smoke (l/l0 to l/1280). From the l/10 dilution to the l/320 dilution, there was enhanced binding of S. pneumoniae (12F) (Fig.  1) . At the 1 in 640 dilution, the effect of the extract was no longer observed. BEC from seven other nonsmokers was treated with the cigarette smoke extract diluted 1 in 10. Binding of different bacterial species including N. meningitidis, M. catarrhalis, H. in&en-zae type b, N. lactamica, S. pneumoniae and B. pertussis to cells treated with the extract diluted 1 in 10 was compared with that for untreated cells. The results indicate there was significantly increased bacterial attachment to BEC treated with the diluted extract (Table 6) .
non-smoker donors, there were no significant differences in binding of monoclonal or polyclonal antibodies to Lewisa, Lewisb, Lewis", H type 2, fibrinogen or fibronectin to BEC from smokers and nonsmokers. The amount of CD14 or CD18 detected was too small to analyse (Table 7) .
Effects of water-soluble components of cigarette smoke on detection of cell surface antigens
Detection of surface antigens on BEC of smokers and non-smokers
In experiments with eight pairs of smoker and Cells of seven non-smoker donors were treated with PBS or CSE diluted 1 in 10. The binding indices of monoclonal antibodies to the following antigens were significantly decreased for the cells treated with CSE compared with untreated BEC of the same donors, Lewis" (63%, PcO.01, 95% CI 49-82); Lewisb (80%, P< 0.05, [95] [96] [97] ; LewisX (47%, P < 0.01, 95% CI 34-67). The only exception was the binding index of the monoclonal antibody to H type 2; this was significantly increased (120%, P < 0.01, 95% CI 133-180) for the CSE treated cells compared with untreated BEC of the same donors (Fig. 2) .
Detection of material binding Ulex lectin in CSE
The result of the spectrophotometric assays showed that a fucose containing substance which bound the biotinylated Ulex lectin was present in the CSE. The OD values decreased with dilution of the CSE, but by the l/40 and l/80 dilutions, the OD values were not above those of the controls (Fig. 3) .
Discussion
The results of the experiments provided data to answer the questions posed in the introduction. Cells from smokers bound significantly more of each of the species tested, N. meningitidis, H. inj 'luenzae, M. catarrhalis, N. lactamica, S. pneumoniae, S. aureus, and B. pertussis . Buccal epithelial cells of non-smokers treated with undiluted CSE exhibited decreased binding compared to untreated BEC, but at dilutions of 1/1@1/320 there was increased bacterial binding.
One hypothesis to explain the enhanced bacterial binding to cells of smokers was that smoking increased expression of some of the host cell antigens used as receptors for some bacteria. There were, however, no significant differences in binding of monoclonal or polyclonal antibodies to Lewis antigens, H type 2, fibrinogen or fibronectin to cells of eight smokers compared with eight non-smokers. The amount of CD14 and CD18 detected on BEC was too small to analyse. BEC of non-smokers treated with CSE at a dilution 1 in 10 exhibited decreased binding of monoclonal antibodies to Lewis", Lewisb and Lewi9 compared to untreated BEC. Decreased binding could be explained if some components of cigarette smoke masked the cell surface antigens which have been shown to bind some of the bacteria tested e.g., Lewis" and Lewis" for S. aureus and B. pertussis [15] [16] [17] 241 . The only exception was increased binding of the monoclonal antibody to H type 2 antigen on the CSE treated cells. This might be due to the presence of substances in CSE contain- Table 6 Binding of bacterial species 1.0 BEC of non-smokers or treated with diluted (l/10) water-soluble components of cigarette smoke [20] and Candida albicans [25] . Binding of the biotinylated Ulex lectin to the extract was demonstrated in the spectrophotometric assay, but the material was not detected at dilutions ~1140; therefore, other components in the CSE must contribute to the enhanced bacterial binding at higher dilutions.
Specific adherence of micro-organisms to epithelial cells is an important step in the colonisation process. Although non-specific factors, such as surface charge, pH, ionic bridging and hydrophobic interactions might be important [26] , it has been argued that the attachment of bacteria to host cells is facilitated by specific interactions.
Specific interaction might be necessary since the surface of both host and bacteria have a net negative charge. This mutual repulsion could be overcome by interaction of surface molecules which act as ligands [27] . The current study found no difference in expression of specific ligands known to act as receptors for several bacterial species on cells of smokers and non-smokers, e.g. Exposure to cigarette smoke could contribute to frequency or density of colonisation.
This study indicates there might be increased density of colonisation by several bacterial species among smokers. In a longitudinal study of bacterial flora of infants, N. lactamica was isolated more frequently from infants whose mothers smoked [28] , and in this study, these bacteria bound in greater numbers to cells of smokers. Mothers smoking was also associated with isolation of meningococci, but the numbers of isolates were too small for analysis. No associations between frequency of isolation and exposure to cigarette smoke were noted for S. aureus, H. in@aenzae or S. pneumoniae. There was, however, a significant correlation between isolation of each species examined from both mother and baby [28] .
Shepherd [29] suggested that a non-smoker who lives with a smoker will be more likely to develop a respiratory tract infection. As the smoker himself has an increased risk of disease, this will tend to increase the exposure of the non-smoker to respiratory pathogens. Chronic exposure of a non-smoker to environmental tobacco smoke is thought to produce effects similar to those associated with active smoking, for example chronic bronchitis [30] . In the survey of infants, there was a highly significant correlation between cotinine levels in respiratory secretions and the number of cigarettes smoked in the household each day [28] . If passive coating of epithelial cells by components of cigarette smoke occurs in vivo as in the experiments with CSE, it is possible that passive exposure to cigarette smoke could also enhance density of colonisation. Although this study was carried out with cells from the mouth, passive coating of epithelial cells in the lower respiratory tract with the watersoluble components of cigarette smoke will also occur; and, in conjunctllon with other damaging effects of smoking, such as depression of phagocytic function and cilia activity, could enhance bacterial binding and colonisation. Exposure to cigarette smoke enhances susceptibility to respiratory viral infection which we have demonstrated in vitro to enhance bacterial binding. This study indicates that smoking or passive exposure to cigarette smoke alone can enhance bacterial binding to epithelial cells. Virus infection upregulated expression of some host cell antigens involved in bacterial binding [31] , but active smoking did not.
We conclude that active smoking or passive exposure to cigarette sm'oke might enhance density of colonisation by a variety of potentially pathogenic bacteria. These interactions and potentially heavier colonisation of smokers could contribute to higher risk of exposure of non-smokers to these bacteria. The higher frequency or density of colonisation combined with other damaging effects to the respiratory system by cigarette smoke could contribute significantly to the incidence of serious respiratory infection in children or non-smoking adults living with smokers.
